1 Photonic synthesis of radiofrequency (RF) revived the quest for 2 unrivalled microwave purity by its seducing ability to convey 3 the benefits of optics to the microwave world [1] [2] [3][4][5][6][7][8][9][10] [11] . In this work, 4 we perform a high-fidelity transfer of frequency stability 5 between an optical reference and a microwave signal via a 6 low-noise fibre-based frequency comb and cutting-edge photo-7 detection techniques. We demonstrate the generation of the 8 purest microwave signal with a fractional frequency stability 9 below 6.5 × 10 and Kerr-frequency-comb 22 oscillator 8 , have drawn attention because of their interesting proper-23 ties, such as high frequency, large bandwidth (BW), tunability and 24 chip-scale packaging. In particular, ultrastable lasers and an 25 optical frequency-comb-based optical frequency-to-RF division 26 scheme can produce microwave signals with both extremely high 27 stability and low noise 2, 3,[9][10] [11] . In this work, we advance this approach 28 to an unprecedented level.
Thanks to the carrier frequency division, the phase-noise power 48 spectral density (PSD) is intrinsically reduced by M 2 , where M = 49 v CW f μ = N/n × 10 4 is the frequency division factor.
50
The microwave generation system is sketched in Fig. 1 to-phase (AM-PM) conversion in the photodiode. 6 The data are then analysed assuming that the two identical systems 7 contribute equally to the phase noise. However, to realize two 8 equally good systems is not straightforward and a minute excess 9 phase noise of the phase-comparison system can strongly impact 10 the final result obtained by such methods.
11
To overcome these limitations, we demonstrate a heterodyne 12 digital cross-correlation scheme based on three similar but indepen-13 dent optoelectronic microwave-generation systems, as sketched in 14 Fig. 1 . By frequency mixing the DUT 12 GHz microwave signal 15 with signals from the two auxiliary systems, two beat notes around 16 5 MHz are obtained. These beat-note signals, both of which carry 17 phase information from the DUT, are sent to a field-programmable 18 gate array (FPGA)-based heterodyne cross-correlator where they 19 are sampled by fast analogue-to-digital converters, digitally down-20 converted and processed to generate two independent phase-com-21 parison data sets. Cross-correlation of these two phase-noise data 22 sets converges to the absolute phase-noise PSD of the 12 GHz 23 signal that we want to characterize. The microwave signals generated 24 by the two auxiliary systems act as phase references but do not need to 25 The measured absolute single-sideband (SSB) phase-noise PSD 58 for the 12 GHz microwave signal generated by our optical- 
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Figure 1 | Experimental set-up for low-noise microwave generation and characterization. The left part of the set-up is used to generate a record low-noise 12 GHz microwave signal from an ultrastable optical reference at 1,542 nm via optical division. The right part is used to characterize the Q2 microwave-signal phase noise using a heterodyne digital cross-correlation method. The two auxiliary optoelectronic microwave references are also obtained by a low-noise optical division of the light from two additional distinct ultrastable laser references at 1,542 nm. ADC, analog-to-digital converter; CSO, cryogenic sapphire oscillator; DCF: dispersion compensation fibre; DDS, direct digital synthesizer; OCXO, oven-controlled crystal oscillator. Figure 3 | Absolute transfer of spectral purity from optics to microwave. The absolute phase noise of the 12 GHz microwave signal we generated (red line) is limited by the optical phase noise of the laser reference at 1,542 nm (blue line) and by the residual in-loop error of the phase-lock loop used to synchronize the repetition rate of the comb with the optical reference (bump above 700 kHz offset frequency). The phase noise of the 12 GHz signal sticks almost entirely to the optical phase noise, which indicates a close-to-complete absolute transfer of purity from optical to microwave. Between 3 and 100 kHz Fourier frequency, the transfer remains partial but offers an original opportunity to probe shot-noise levels. The spurs that range from 10 Hz to 1 kHz result from acoustic noise picked up in the various fibre links and from electromagnetic interference. The optical phase noise has been characterized independently by the cross-correlation of RF optical beats from ultrastable cavities.
1 ever reported both close and far from the carrier 9 . At low offset 2 Fourier frequencies, from 1 to 400 Hz, the phase noise is almost 3 fully determined by the CW laser reference, which indicates that 4 we performed a close-to-complete transfer of frequency stability 5 from optics to microwave. The −106 dBc Hz −1 at a 1 Hz offset 6 phase-noise level is only 3 dB higher than that inferred from the 7 measured optical reference phase noise. The spurs in the Fourier fre-8 quency range from 10 Hz to 3 kHz originate from the 50 Hz power 9 line harmonics as a result of imperfect electromagnetic shielding 10 and acoustic noise coupling to the fibre-optics set-up despite the 11 laser being acoustically isolated and the fibre link from the CW 12 laser to the comb system being noise cancelled. Between 3 kHz 13 and 1 MHz, the transfer is only limited by the residual phase 14 noise of the optical frequency division scheme and the in-loop 15 errors from the reference laser Pound-Drever-Hall (PDH) lock.
16
Improvements to the close-to-carrier phase noise could be 17 obtained with better ultrastable laser-frequency stability. Longer or 18 cryogenic reference cavities 26,27 with crystalline coatings 28 or spectral 19 hole-burning stabilization 29 could lower the phase-noise limit by one 20 order of magnitude. To be limited solely by the optical reference, shot 21 noise could be reduced by using a photodiode with higher power-22 handling capabilities 30 . However, the most stringent requirement 23 is photodiode flicker below the state-of-the-art −140 f −1 dBc Hz
24 demonstrated here. Our extremely low-noise set-up is the ideal 25 testbed for that development, as it offers the opportunity to study 26 fundamental photodetection limits and is suitable for any 27 phase-noise characterization beyond comb-based systems.
28
Terabit communication systems with high-speed data trans-29 mission, high-stability fountain atomic clocks, very long baseline 30 radio astronomy and high-accuracy navigation and radar systems 31 are direct applications that could benefit from the new level of 32 microwave purity demonstrated in this paper. In particular, low 33 phase noise in defence pulse-Doppler radar will enhance the detec-34 tion of moving targets to an unprecedented level of resolution. 35 Furthermore, this result paves the way to compact, robust and 36 mobile microwave sources with ultralow phase noise based on 37 reliable technologies that have become readily accessible. 
